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SUMMARY

This contract successfully developed circuits and Ton thrustor ground-test
hardware for efficient, reliable, potentially lightweight power conditioning.
A single breadboard, two rack-mounted models, and a dummy load were built
and delivered, Tests were run at Lewis Research Center with a mercury ion
thrustor. After a 50-hour endurance run one engine and power conditioner
were committed to a life-testing program. This power conditioning system

is suitable for flight packaging and mission application.



INTRODUCTION

Prior to the work done here, several single—output ion thrustor supplies were
constructed (refs. dand 2), and some earlier programs resulted in deyelopment
of intermittent-duty multiple output ion thrustor supplies (refs. 3, 4 and S5].
Continuing studies (refs. 6 and 7) have shown the desirability of realizing

a true long-endurance electric propulsion capability. The oyerall purpose of
the work of this contract was to develop the power conditioner equipment incor-
porating all of the multiple-output closed-loop control features required
together with the necessary efficiency and reliability for practical long—term
space missions.

During performance of this contract, special reports were issued covering new
technology. These reports dealt with true RMS regulation and a novel magneti-
cally coupled multivibrator circuit.

Performance of this contract involved design of the power conditioner circuitry
and construction of a breadboard for testing with the actual ion thrustor at
NASA-LeRC. Upon completion of these tests and a design review, the two pro-
duction power conditioners were built and tested.

During this development program alterations in thrustor requirements (such

as elimination of the electromagnet, an entirely new neutralizer arrangment
and changed vaporizer control) required redesigning. The resulting final
equipment features a very high degree of flexibility which should prove quite
useful during future development test programs. The modular configuration

of the final packaged power conditioners facilitates 'both small and relatively
major changes.

Near the end of this program one production power conditioner was shipped,
together with a NASA-LeRC thrustor, to an external laboratory facility for a
life test. The remaining production power conditioner and the breadboard
equipment were retained at NASA-LeRC for use in thrustor development tests.

In My 1967 the life test power conditioning operated unattended for 549 con-
secutive hours. At 549 hours the ion thrustor failed. The power conditioning
automatically shut down safely. NASA life test console shown in Figure 61
and 62.

This power conditioning system has accumulated more than 820 hours operating
time. No thrustor life test has been terminated by failure of this power
conditioning.

Operation of all three power conditioners has been completely successful. The
close coordination with NASA on electrical requirements of the thrustor was a
major contributing factor to the degree of success attained.

Costs of this contract were shared 60%/40% NASA/GE.



DESCRIPTION CF THRUSTOR OPERATION

The thrustor system consists of three subsystems.

A

Propellant feed

The propellant feed subsystem consists of a storage reservoir, vaporizer,
and vaporizer heater. Gravity forces the liquid mercury (Hg) propellant
against the vaporizer. The vaporizer is a permeable metal plug heated

by electrical power. It allows hot Hy vapor to flow through it. Vaporizer
heater input power controls the mass flow rate of the Hy vapor to the
thrustor.

Thrustor

The thrustor subsystem consists of an anode, cathode, magnetic field, HV+
electrode, and HV- electrode. Shown in Figure 60. The Hy vapor supplied
to the cylindrical anode region undergoes bombardment by electrons and is
ionized. This region is the arc chamber. The energetic electrons are
obtained by the thermionic emission from a cathode heated by electrical
power. The electrons are accelerated to anode potential. A magnetic
field surrounds the arc chamber. This field increases the length of the
path of the electron with the arc chamber. This enhances ionization of
He.

The Hy ions reaching the region of the HV+ electrode (screen) are focused
and accelerated by the HV electrostatic field associated with the per-
forated Hv+ (screen) and HV- (accelerator) electrodes. Effective thrust
is obtained by neutralizing the ion beam with electrons.

Neutralizer

The neutralizer provides the electrons necessary to maintain a zero net
charge in the expelled ion beam. The neutralizer operates near space-
craft potential. There are two types of neutralizers.

The simplest form of neutralizer is a hot oxide coated cathode. This
cathode is heated by one power supply and emits electrons to the ion
beam. It is a fragile device and has a lifetime too short for 500 hour
tests.

The plasma bridge neutralizer is rugged enough for 1000-5000 hour duration
tests. A small propellant feed system similar to the arc chamber pro-
pellant feed supplies liquid Hy to the vaporizer. Electrical power heats
the vaporizer for controlling the Bg vapor to the neutralizer cathode.
The neutralizer cathode is a thermionic electron emitter heated by
electrical power. The ionized Hy vapor flowing from the neutralizer
serves as a plasma bridge for coupling the neutralizer omission current
(electrons) to the ion plasma beam exhaust from the thrustor. The
neutralizer emission current is controlled by sampling the plasma bridge
potential with the neutralizer anode and using this potential for feed-
back control of the neutralizer vaporizer.



DESIGN

Evolution of Electrical Requirements

This project necessarily involved very close coordination with the thrustor
developments concurrently in progress at NASAHLeRC. As the requirements for
the thrustor evolved, so did the electrical requirements imposed on the power
conditioner. Figure 1B shows a sketch of the thrustor as originally planned
compared to the final configuration. Shown in Figure 1A,

A key to the success of this project is the inherent flexibility of the design
of the power conditioner. The attainment of the final design necessitated
various redirections during the course of the project. Completely successful
automatic startup and operation of the final NASAHLeRC thrustor was demonstrated
with the final breadboard power conditioner within one year from date of con-
tract, The first production unit was delivered within 7 weeks after these
tests.

Following is a discussion of a more specific nature outlining the evolution
of the actual electrical requirements for this power conditioning equipment.

1. Power Source

The power conditioners were designed to be supplied from a solar cell array
source having the characteristic shown in Figure 2. This required that the
power conditioner be capable of continuous operation over the range of 40 to
60 vDC with any combination of loads. Design is such that if the input ex-
ceeds 60 vDC, operation is automatically discontinued. Automatic recycle and
start occurs when the input voltage returns to 60 vDC and below. During
intervals when the input falls below 40 VDC, power conditioner outputs do not
exceed any rated values and there is no damage. An additional vaporizer
control requirement was later added, specifying that in the 41-40 VDC range
(near the end of useful solar cell life) the vaporizer supply (V2) be pro-
portionally backed off, gradually reducing mercury flow and extending the
mission life at reduced thrust levels.

2. Magnetic Field Supply (V1)

A 4 vDC 15 ampere supply for the thrustor magnetic field was originally
specified, and a 4V/3V tapped output was later desired. Later the V1
supply was completely discarded, since the newer thrustor utilizes permanent
magnets .

3. Feed (Thrustor Vaporizer) Supply (v2)

The thrustor vaporizer is an AC heater operating in the range of 6 VAC (3V
tap) and 3 amps (6A tap) with 2%line and 2%Iload regulation requirements.
This supply floats at the nominal +3KVDC Screen Supply (V5) level. These
requirements were not altered during this program.

Control requirements of the V2 supply were changed, however. Originally,
V2 was voltage regulated with accelerator current override. After verifi-
cation tests at NASA-LeRC, accelerator impingement override control was
discarded in favor of Screen (V5) current override control. This change
resulted in regulating the thrustor beam current by controlling the mercury
feed instead of cathode emission.



3. Feed (Thrustor Vaporizer) Supply (v2) (cont'd)

Another control change came about with the realization that the feed heater
experienced a 2:1 (typical) increase in resistance during initial warm-up

with a relatively long (30 sec.) time constant. In order to cope with the
overload condition which could result from this load impedance change, a change
in V2 control from voltage to current limit was recommended and accepted. The
specification was appropriately modified.

4. Thrustor Cathode Supply (V3)

The cathode is a Barium-activated tungsten mesh which is rated for a maximum

L VAC 50A RVB + S%. Normal operation is 125watts steady state. This princi-
pal electrical rating was unchanged during this program, with the important
exception that the thermal effect on resistance was not documented quantitatively
at the outset. This resistance increase during warm-up was later recognized

to be a 6:1 effect, and this wide load range influenced the selection of the
design approach and RVB regulating scheme.

Control requirements of the V3 supply were changed during initial tests with
the NASAHLeRC development thrustor. Originally the cathode supply was con-
trolled from (A)the anode current (Ik), (2)the Screen current (I5), and (3)
low power conditioner input voltage (40-41 VDC proportional cutoff). The
latter two requirements were eventually deleted in favor of simple anode cur-
rent control. The anode current level is selectable from one of three steps
by a switch (or ultimately a command relay). When anode current is low, the
cathode current is limited to an adjustable RV maximum. This RVB limit is
true regardless of current waveform.

A separate external V3 transformer was ultimately specified and supplied to
reduce lead losses.

5. Thrustor Anode Supply (Vk)

The thrustor anode is a DC load which imposes a maximum rated load of 36 VDC
at TA. Similar to the V1, V2, and V3 supplies, V4 is at +3KVDC relative to
ground. Peak ripple = 10%max.

Originally, the anode supply was closely regulated (2%line, 2% load). However,
as the project progressed the regulation requirement was relaxed to 4% line,

4% load, and finally to permit 10%load regulation with the line regulation
requirement deleted completely. This drastic alteration of specified regulation
requirements finally enabled the elimination of a separate V4 inverter, the
anode output being obtained directly from the main power inverter, which is
unregulated.

Corresponding simplifications evolved in the control of the V4 supply. The
initial requirement to reduce V4 proportionately to Ovolts in accordance with
a preset cathode current drop was dropped with the advent of beam control of
V2. Anode voltage adjustment was changed from a continuous potentiometer
setting to an arrangement of transformer tap selection for the ranges of 20,
25, 30 or 36 VDC.



5. Thrustor Anode Supply (Vl4) (cont'd)

During the course of engine tests at NASALERC it was determined that an
elevated V4 potential is necessary in order to initiate the thrustor anode-
cathode discharge when starting. Accordingly, the requirement to provide a
minimum of 100 VDC at Ik less than 10 ma was added. The power conditioner
design was altered accordingly to achieve this performance.

6. Screen Supply (V5)

This requirement is for 3 KVDC at 0.25A. The negative side of this supply is
grounded. The only change in requirements for this supply was opening up the
load regulation tolerance from 5%to 10%. V5 is not regulated, and is a direct
function of the power conditioner supply voltage.

The Screen current (I5) was originally controlled by closing the loop through
the cathode supply, V3. As the development program advanced, the change
(previously discussed) to control 15 by thrustor vaporizer (v2) was imple-
mented. Operation was smooth and completely successful during thrustor tests.

7. Accelerator Supply (v6)

The accelerator electrode normally requires only about 1. - 3 ma DC at 2 KVDC
potential, with the positive terminal of this supply grounded. However, during
normal operation, surge overloads of several seconds duration can occur,
requiring that this supply be rated at 50 ma DC continuous. Since arcs occur
between V5 and V6, it is necessary that the accelerator be capable of the same
surges as the screen supply. This requirement sized the HV rectifiers and
closely-associated circuitry.

The only change in electrical rating was increasing the regulation tolerance
from 5%to 10%with load. Like the V4 and V5 supplies, V6 is not voltage
regulated, but provides an output which is proportional to the power condi-
tioner supply voltage.

The accelerator impingement was originally limited by closing a current-limit
loop through the Feed supply, V2. The control loop rearrangement now used
controls V2 as a selectable function of I5 (Screen current). It removes the
16 control circuit, protecting against excessive continuous values or 16 with
the integrating trip circuit.

8. Neutralizer Supplies (V7, V8, V9)

The initial requirement was for an RMS-regulated 3 VAC, 15A supply for a
thermionic neutralizer. Provision was made for automatic transfer of this
power to an alternate redundant neutralizer in the event of an open-circuited
primary neutralizer or upon ground command. This supply was to be at ground
potential .

Later thrustor development at NASALeRC resulted in the adoption of a novel,
long life neutralizer which required 3 entirely new and different outputs as
follows:

a. A neutralizer cathode (V7) was required, rated at 6 VAC, TA with a
6:1 resistance change from cold start to nominal running. 5%line and
5%load true RVB current regulation was specified.



b.

A neutralizer vaporizer (¥8) was requfred, rated at 3.2 VAC, 3.2 with
a 3:1 resistance change from cold start to normal running. 2%line
and 2% load true RMS current regulation wes required here.

A neutralizer anode (V9) was also required. This supply was initially
rated at 55 volts DC at light load with 55 ma DC output at short
circuit. There was no line regulation requirement; however, the out-
put impedance was to look like a straight line resistance. Later on,
it was found that the neutralizer plasma bridge discharge would not
start reliably unless the no load voltage of V9 was 190 VDC (similar
to the V4 situation). This change was made to the final equipment
before delivery. The neutralizer probe potential was sensed and a
control loop closed through V8 so that the mercury feed to the
neutralizer system could be maintained at the level which wes

exactly adequate to regulate the main thrustor beam at any selected
value. A continuous adjustment provides this setting, 0 to 50 VDC.
Nominal operation occurs at 15 volts.

The desirability of a neutralizer bias was investigated during final
thrustor tests, but no definite steps were taken to define this
requirement with regards to this specific program. The SERT II
equipment will contain a reversible step-adjustable supply for
investigating this possibility further, however. The present equip-
ment does make provision for connection of such a bias supply by
bringing out the neutralizer ground separately, rather than connecting
the neutralizer supplies directly to ground.



FOMR CONDITIONER CIRCUIT DESCRIPTION

This section discusses the operation of each portion of the power conditioner
circuit. To facilitate reference, each subcircuit is included in this section
as a separate figure. (For general reference purposes, Appendix B is included
which consists of the actual complete schematic diagram for the entire power
conditioner as finally delivered. )

1. V2 - Thrustor Vaporizer Supply (Feed)

Referring to figure 2 it is seen that the feed supply operates on the series
dissipative regulator principle, with Q63 (2N1016D) acting as the controlled
resistive element. The diodes CR163 and CR16k are connected to collectors
of power switching transistors in the SAAF (Screen/Accelerator/Anode/Feed)
inverter, thereby impressing a square wave voltage on the primary of the W2
output transformer, T16 , with amplitude determined by the Darlington pair

Q63/Q6k.

Control of V2 is exercised in four ways: current-limit, screen current, low
input voltage, and the feed clamp, the feed clamp shuts V2 off for about A
second during arcing/recycling.

Current limit is obtained by sensing 12 via current transformer CT26 and by
exercising closed loop control back to the series dissipating transistor via
Q83, Q66/Q3, and Q64. Zener diode CR299 (1N3016B, b.8V) provides the required
reference for comparison and control. Feed current regulation as the result
of load variations (open circuit through short circuit) is shown on figure

3. Figure 4 illustrates 12 variations with variation of the DC power source.
Performance is well inside specified limits.

Screen current (I5) control of feed (I2) is obtained by sensing IS via current
transformer CT21 and comparing the DC voltage obtained (after rectification

and filtering) with the same reference, CR299. CR349 is present to clip surges
induced by screen circuit arcing. The I5 signal applied through CR1T72 overrides
the current-regulator control (CR173) and results in closed-loop dynamic control
of the ion thrustor beam current (I5) at the value selected by control range
selector, S15. Performance of this control mode is shown on Figure 5, with
requirements again easily met.

Lowv input voltage V2 cutoff control is exercised through Q80 and associated
circuitry. The -23 VDC bias supply bus provides the reference with R470 used
to set the control range (typically 40-41 VvDC). The output of this circuit
is "or'ed" in via CR199. Figure 6 shows the action of this feature which
controls over a 1.0 volt input voltage band.

During recycling of the power conditioner resulting from arcing, etc., the W2
supply is clamped to zero for 1 second to avoid pouring excess mercury into
the engine. A series of arcs will reduce propellant flow until conditions
improve and normal operation returns. The feed clamp signal is applied
through CR197. This signal is produced by the control logic section, as
will be described later. Figure 7 shows an oscilloscope trace illustrating
the action of the feed clamp.



Both V2 and 12 telemetry signals are required. \2 telemetry is produced by
rectifying the output of T16, winding 4-5-6. 12 telemetry is obtained by a
separate current transformer CT8 and associated circuitry. In common with
the other telemetry circuits, V2/I2 telemetry circuits may be shorted or
open-circuited with absolutely no influence on the operation of the power
conditioner. Figures 8 and 9 show the characteristics of the V2 and 12
telemetry, respectively.

2. \3 - Thrustor Cathode Supply

The main thrustor cathode is supplied with a quasi-square wave AC produced

by the transistor bridge inverter shown on Figure 10. The output transformer
of this inverter (T17) is mounted remotely near the ion thrustor in a sepa-
rate subassembly to minimize the large line drop resulting from the 50 amp

4 VAC cathode requirement. The cathode inverter is driven by the SAAF driver.
The action of DC control windings on reactor L5 determines the relative
phasing of the switching of Q69/Q70 vs. Q6T7/Q68, thereby controlling the
inverter output voltage. Thermistor TH-3 provides an output indicating the
case temperature of the power switching transistor, Q70.

Cathode current and voltage telemetry signals are obtained by CT6 and a
winding on the output transformer T17. Figures A1 and 12 show the transfer
characteristics for V3 and 13.

Cathode inverter control is exercised in the form of self current-limit con-
trol and anode current (I4) control of cathode (I3). Figure 13 shows the
circuits used to produce each of these forms of control.

Self current-limit control was specified to hold within a 5%band of the RMS
current set point. This specification demanded the development of a true
RVB current sensor which would be accurate and stable with life and temperature.
Referring to Figure 13, 13 is sensed by CT27 and the resulting output is con-
verted to a DC signal (voltage proportional to 13). This signal is then
applied to a non-linear diode-resistor square-law approximation network. The
result is that the collector current of Q71follows the instantaneous square
of the cathode current I3. This collector current is averaged (C62/R283) and
compared to a reference (CR246) to give the desired RVB regulating action by
regulating mean square current. Q72 (2N29054) is the error amplifier. It
controls the current in the phase displacement reactor (L5) control winding.

The circuit which produces the anode current (I4) control of cathode current
(13) is also shown on Figure 13. Here, CT24 is used to sense Ik and to
generate a DC signal at the base of Q76 proportional to the average value

of Ik, bitter follower Q76 produces an impedance transformation. The
resulting 14-proportional voltage is compared to a DC reference (CR248)
through another control winding on the control reactor, L5. As I4 increases
above the selected threshold (set by 816/817), L5 control current is in-
creased in the direction resulting in less output from the cathode inverter.
This gives the desired control.



Figure 14 shows the performance of the cathode current regulator and
Figure 15 illustrates the control of 13 exercised by variations in the
anode current, Ik.

During the development of the V3 supply it was learned that the load current,
although feeding a nominally resistive load actually looked quite inductive.
Pumpback diodes (CR230, CR233, CR231, CR23Lk, Figure 10)compensate for this,.
A centertap inverter can supply an inductive load if mil-square output is
all that is desired. However, a centertap inverter is incapable of producing
the type of constrained quasi-square wave desired here. This rules out the
centertap connection for the V3 supply. Thus a bridge inverter was used.

3. Vh - Thrustor Anode Supply

The thrustor anode is energized via the main inverter. This inverter is of
centertap design, and uses 8 - 25 ampere, 200 volt silicon transistors in push-
pull parallel connection. Two centertap circuits are operated in exact syn-
chronism. The output transformer secondaries are seriesed to insure exact

load division between the two halves of the inverter. (Figure 16).

The current transformer CT25 produces a trip signal to the control logic
which, in turn, cycles the driver switch Q91 until the cause of the current
overload has been corrected, or the power conditioner is commanded "off" by
either external or internal means. T27 and associated magnetically-coupled
multivibrator components constitute the main inverter driver.

The SAAF (Screen/Anode/Accelerator/Feed) inverter was significantly altered
during the course of the project. These alterations improved efficiency and
substituted the new V4 supply (anode] for the deleted V1 (magnetic field)
supply. SAAF power transistors are driven in an improved manner; T27 pro-
duces a very fast-rise square wave drive source. Speed-up capacitors (C96
through C103) act to remove stored charge quickly to minimize storage delay
during switch-off. The separate driver uses the efficient, fast switching
DTS-k423's.

Anode voltage is adjusted by taps on the output transformer primaries (T25,
T26). These taps are selected by toggle switches (813, 14). Flight hardware
could include tap-changing relays, if V4 adjustment still proved desirable.

W experienced two failures during preliminary testing. The anode circuit
now uses Unitrode Avalanche rectifiers throughout. The output filter
capacitor is protected by a 50-watt zener connected directly across the
anode supply output terminals with short leads. Outrigger windings on the
anode output transformers provide the 100+ volts at no load. This added
feature starts the ionization chamber discharge.

Overcurrent protection (for the anode only) is provided by obtaining an
overload signal from the Ik telemetry (voltage drop across R211). Instantaneous
overcurrent protection is obtained by sensing total SAAF collector current
(cT25) which can trip the inverter control binary in the logic/control circuit,
shutting off SAAF drive and initiating automatic recycling.
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Figure 17 shows the regulation characteristics of the vi4 supply for the
various combinations of selector switch positions. Figures 18 and 19 show
the transfer characteristics of V4 and Ik telemetry outputs.

Anode voltage ripple at full rated 7 amp load is shown on Figure 20. Fil-
tering of the anode supply was found to be necessary. Instantaneous fluc--
tuations in anode potential are reflected in the beam current waveform. A
pulsating beam current causes poor ion thrustor performance.

4. V5 - Thrustor Screen Supply

The main power output from the power conditioner is in the form of the 3 KV
screen supply. This supply is vital in that it is primarily responsible

for the ion engine's thrust output. This output is proportional to the screen
current times the square root of screen voltage.

Arcing from screen to accelerator possibly including other electrodes normally
occurs within the thrustor. Arcing is frequent during the initial running
break-in phase of operation. This situation requires that the HV rectifiers
be capable of withstanding high current surges and severe transient voltages
without degradation. The filter components must be able to withstand direct
short-circuiting and not generate damaging current surges.

Referring to the schematic (Figure 21) the rectifiers are shown as CR185
through CR196. These are unitrode USR20 2 KV avalanche fast reverse recovery
devices which are rated to withstand 100 amp surges. Since these devices are
designed for avalanche operation, no transient or steady state voltage-sharing
components are needed for series-string operation. It is significant that,

in spite of much abuse and severe service during breadboard testing, there
were no BV rectifier failures. There is no evidence of any degradation of
these devices.

To limit arc surges to reasonable levels, the series resistor string (R249)

is connected in series with the filter capacitor, C50. This series resistance
limits I5 surges to approximately 3 times the rated .25A DC screen current.
Not only does this current-limiting action tend to protect components such as
€50 from screen current pulses, but the energy delivered to the arc in the
thrustor is also limited in instantaneous peak amplitude. Future thrustor
tests may show that limiting the arc energy speeds the recovery time of the
arc such that power conditioner recycle time may be signifié¢antly reduced.
Faster recovery from arcing would maximize the integrated thrustor impulse
over a given time interval.

Screen supply regulation with load was found to be strongly influenced by
the leakage reactances of the output transformers (T9, T10). The breadboard
equipment output transformers resulted in the regulation curve (V5 versus I5)
shown in Figure 22. The production conditioners had transformers with addi-
tional insulation and resulting increased interwinding spacing resulting in
increased leakage reactances. This effect is evidenced by the noticeable

13



regulation increase illustrated on Figure 23, Future designs should con-
centrate on attempting to reduce transformer reactances, while maintaining
an adequate safety margin of insulation. This aspect of HV inverter design
could profitably be the subject for future development programs.

The required V5/I5 telemetry signals are obtained via separate windings on
T9-T10 and by the separate telemetry current transformer CT13. Figures 24
and 25 show the transformer characteristics of these T/M outputs.

5. Bias Inverter = DC Supply Telemetry

The schematic diagram, Figure 21, shows the low power Bias Inverter. A pair
of 2N2911 transistors operate in a magnetically-coupled multivibrator circuit.
They supply a 2 KHz square wave to bias and T/M circuits requiring an un-
interrupted AC supply. An up-and-down multivibrator circuit is used to with-
stand 2X input voltage transients.

Input current and voltage are converted to telemetry-compatible signals by
the use of current-measuring reactors CMR1 and CMR2. Transfer characteristics
of these T/M outputs are illustrated on Figure 26.

6. V6 - Accelerator Supply

The thrustor accelerator is supplied from the SAAF, is unregulated, and in
other respects, is just like the screen supply, V6 (except for lower steady
state current rating). Figure 27 shows this supply together with associated
telemetry circuits.

Analogous to the experience with v5, V6 regulation was found to be mainly
influenced by leakage reactance. Figure 28 (regulation of breadboard V6)
and Figure 29 (regulation of the production unit V6) illustrate the result
of increasing insulation spacing and, hence, leakage reactance.

Figures 30 and 31 show the accelerator voltage and current telemetry output
transfer characteristics.

7. VT, V8, V9 = Neutralizer Supplies

The neutralizer supplies form an independent system which operate whenever the
power conditioner is commanded on. The neutralizer discharge is produced and
controlled by what amounts to a small separate power conditioner and ion
thrustor subsystem. The schematic diagram of the neutralizer supplies is
shown on Figures 32, 33, and 34.

The neutralizer inverter (Figure 32) consists of the DIS 423 transistors

(Q97, Q98) and associated magnetically coupled multivibrator circuit (T21, T22,
etc.). Thermistor TH-2 provides sensing of Q97 case temperature. T21 is the
output transformer of the neutralizer inverter.

14



Figure 33 shows the VT (neutralizer cathode) supply. RMS sensing and control
is accomplished by the squaring network (Figure 35) in much the same manner
as was done in the case of the main thrustor cathode, V3. A magnetic ampli-
fier (L9) is used to provide the actual power switching control of the V7
output. The current-limiting feature gives inherent overload protection.

Current regulation is well within specified requirements. Figures 36 and 37
show these excellent regulating characteristics.

To provide the desired telemetry indication of emission current, a current
measuring reactor, CMR3, is connected to one terminal of the neutralizer
cathode. The output of this telemetry circuit versus emission current is
shown on Figure 40. VT and IT telemetry performance is shown on Figures
38 and 39.

The neutralizer vaporizer heater supply (vV8) is relatively low power. A series
regulator circuit is used. Transistor Q99 is the series transistor, connected
from the 40/60 VDC source to the centertap of the vaporizer heater trans-
former, T23. Current-limit control of 18 is implemented through ¢T18 and
related circuits shown on Figures 32 and 3k,

Regulation with line and load is well inside specified limits as can be seen
from Figures 41 and 42. Figures 43 and 44 show Vv8/18 telemetry.

Thte probe bias supply (V9) is obtained by energizing the probe bias trans-
former (T29) through the series resistor R433, Figure 34. The V9 supply is
provided by rectification (CR400, CR4LO1) and filtering (C95). A voltage
multiplier is used to provide the initial high no load voltage needed to
start the neutralizer discharge.

Probe bias voltage is sensed by winding 3-4-5 of T29. Closed-loop control of
V8 is obtained by error-amplification at Q105 - Q104 and control of the
regulator transistor Q99. Figure 45 shows the high-gain control characteris-
tic obtained.

Figure 46 shows the load-voltage characteristic of V9. Figure 47 gives the vg
telemetry transfer characteristic.

The array of diodes shown on the schematic Figure 34 is used to provide inter-
connection (with transient surge protection) among the various grounds in the
system.

8. Control/Logic Circuit

Figures 48 and 49 contain the control/logic circuits, together with the series
regulator circuit and level changer associated with the control functions.
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On-off commands are by panel mounted pushbuttons (811, S12). These switches
actuate the reset coil of relay K5. Indicator lamps (DS1, DS2) are in turn
energized through K5 contacts. These lamps verify the status of the input
command signals.

The level changer is a means for transferring data from circuits with one
ground reference to circuits referenced to a different ground. |In this case,
the level changer transfers overload trip signals from the telemetry circuits
(T4, 15, I6) to the overload integrator (Q9, Qll, Q12). A series of faults
or an overload on one or more of the V4, V5, or V6 supplies for an interval
of 10 to 30 seconds results in pulse conduction of UJT Q11. This in turn
energizes K5, turning the power conditioner off. Operation is restored by
manually resetting K5 by 811. The level changer transformer T3 is supplied
with the necessary AC excitation from the bias inverter, which was previously
discussed. The same bias inverter transformer secondary supplies (by rectifi-
cation) the -11.5 VDC and -23.0 VDC biases.

A single flip-flop or binary produces the control signals to the main SAAF
inverter and, via an R-C delay circuit, to the Feed Clamp. A unijunction
timer circuit, adjustable for delays from 0.01 to 1.0 second, recycles the
binary after tripping. This UJT timer is set to produce the desired recycle
rate. Figure 50 shows an oscilloscope trace of the recycle pulses with a
screen-accelerator fault.



FOAMER CONDITIONER PERFORMANCE

During the last quarter of 1966, testing was performed in the 1NW NASALeRC
test facility with the final-configuration ion thrustor. Well over 100 hours
of operation were accumulated and much experience was gained relating to the
power conditioner/ion thrustor system.

Appendix A includes strip chart recordings obtained during a small portion of
these tests. A point of particular significance is that, for this test run,
the power conditioner DC input was provided by a solar cell array simulator.
The DC supply was programmed to simulate closely the V-1 characteristic of a
typical space vehicle solar cell array. As one might expect, operation with
the simulator source, rather than a fixed voltage source, presents somewhat
different operating conditions, particularly in the area of arcing/recycling.
Successful operation as evidenced by these strip-charts is an important step
inthe project.

Efficiency

Efficiency of the final power conditioner was measured at 75%rated load.

The specification requirement for efficiency at this condition is 80%mini-
mum, and the power conditioner was found to meet the requirement. On the
other hand, it is apparent from the data (Figure 51) that there is very
little margin in meeting the required efficiency. The application of recently
available fast switching power transistors and other like improvements would
make possible considerable improvements in power conditioner efficiency.
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PRODUCTION UNITS

The two sets of production equipments were furnished. Each power conditioner
consists of four 19" rack mounted units. Construction is dead front, all con-
nections being made to rear-mounted terminal strips.

Interconnections between the modular chassis are profided by interconnection
wire harnesses which were furnished with the power conditioners.

The attached photographs Figures 52, 53, 54, 55 and 56 show front—panel views
of each assembly and a view of the complete power conditioner interconnected,
and operating into the Test Console/Dummy Load.

These units are of high quality construction and are easy to modify or service.

A



DUMMY LOAD TEST CONSOLE

In accordance with the contract, a Dummy Load Test Console was designed and
built to enable complete checkout of the power conditioners. It included
setting and operation of the several closed-loop controls, This Test Console
is a self-contained laboratory test drive. It is floor mounted on castors.
It has a double rack with standard 19" panels and rear door access. Figures
57 and 58 show views from the front and rear respectively.

The circuit diagram is included as Figure 59. Referring to this diagram,

note that provision is made for simultaneous loading and metering of the

power conditioner outputs. RF ammeters and voltmeters (thermocouple-actuated)
are used to provide true RMS metering of the high frequency non-sinusoidal AC
loads. A mercury vapor thyratron is included to simulate arcs between outputs
and from outputs to ground. Air-cooled 3-1000Z vacuum triodes are used to
provide the adjustable high voltage Vb and V6 loads.

All switches and load control knobs are accessible at the front panels. Con-
nections to the loads and meters are made via a matrix of binding posts. All
meters are mounted behind Plexiglass panels and switch interlocks are used on
each rear access door to minimize shock hazard.

Because of the lethal potentials produced by the power conditioner, appropriate
care must be exercised during all tests. The frame of the Test Console must

be firmly grounded by at least one braided grounding strap. Control switches
and direct load adjustments are operated via braid-grounded linkages. These
linkages avoid the possibility of the application of high potentials to the
controls should insulation breakdown within the Test Console.

During the test program, an interesting possibility for really gross errors in
the metering was detected and corrected. It was found that effective electro-
static shielding for the floating HV metering must be provided. The RF meters
used were not provided with such shielding. To correct this situation, each
of the RF meters was wrapped in aluminum foil, which was then connected to
one terminal of the meter. This measure was completely effective.

19



FUTURE DESIGN IMPROVEMENTS

During the course of this contract, possibilities for various improvements
have become apparent. A brief discussion of each suggestion follows:

1

Telemetry outputs. The requirement for 1K maximum output impedance
proved to be restrictive. In order to meet the requirement that the
control system remain undisturbed despite open or shorted T/M outputs,
separate CT's were required at the current T/M statlons. An increase
in allowable T/M output impedance of 10:1 or greater would permit the
dual use of the control CT's for both control and T/M with resulting
saving in weight and parts count reduction.

Application of Microcircuits. The state of the art of microcircuits
is maturing rapidly. There are now several families of micro-
circuits which would profitably be applied to future power conditioner
designs. The Control/logic section could utilize circuits from the
so-called 930 DTL series = for example the latching section of the
inverter control binary could be a single type 945 operated synchro-
nously. Timing functions could be performed synchronously using
clocked down-counting (single-circuit modules 16 counters are now
readily available) , or by analog means (such as by using a 709
operational amplifier in a fast reset integrator connection].. The
application of presently-available prove IC's could contribute
significantly to reduced weight and size and reduce slightly overall
power losses.

Multifunction low-power drive inverter. The present power conditioner
design is the logical outcome of a program in which flexibility was
necessarily stressed, resulting in less than optimum system integration.
For future equipments, the functions of the bias inverter, neutralizer
inverter, and main inverter driver could easily be combined, resulting
in a significant improvement in efficiency and reduction in weight and
parts count.

Output rating. Again, for flexibility purposes, the present equipment
is rated to drive much heavier thrustor cathode and thrustor anode
loads than actually exist with the present thrustor. design. Obviously,
a more closely-rated power conditioner would result in significant
weight/size savings.

Operating frequency. The present power conditioner inverters operate
inthe 2-4 KHz frequency range. W.ith the present availability of fast
high voltage silicon power transistors, it appears that this operating
frequency should be pushed upwards by a factor of 2 or 3:1, thereby
resulting in a lighter-weight equipment.

Magnetic design. The problem encountered with schieving adequate HY
insulation versus minimizing leakage reactances should receive more
direct study on future development/design programs. Since the magnetic
devices represent such a large proportion of size/weight of power
conditioner electrical parts, this aspect of the deslgn should receiye
increasing emphasis in the future.



Accelerator impingement. During this program the control of the main
mercury vaporizer (V2) was changed to limit beam current (IS) instead
of accelerator impingement (I6). It is recommended that the addition

of an "impingement override" loop be added to future designs. This
would permit reduced-thrust operation should some unforeseen factor
cause unusually-high accelerator impingement. This could be especially
useful during initial operation while the accelerator is being "ion beam
machined" to an optimum contour, and perhaps later on in the event of
mercury deposition on the accelerator insulators, etc.

Main inverter transistor switching. Another very significant outcome
of this program is the full realization of the importance of the "flux-
rachetting™ problem. Briefly, "flux-rachetting” refers to the tendency
of the inverter output transformer to saturate at the end of each of
one of the half cycles of operation, this being the result of inevitable
asymmetries in 1/2 cycle conduction times, transistor saturation
resistances, winding resistances, etc. The result of flux-rachetting
is saturation current spikes on alternate half-cycles. These spikes
can greatly increase transistor and output transistor heating. Of
course, these current pulses are also very undesirable from the stand-
point of the DC source.

Referring to Figure 59, note that the primary winding of inductor L5
is effectively in series with the DC source current path through the
inverter power switches and output magnetics. The function of L5 is
tolimit the rate of rise of the current through the input DC power
path. Current "spikes" resulting from flux-rachetting are prevented.
During transistor switching, the inherent turn-off storage time tends
to result in an "overlap" interval during which all of the main
inverter transistors can conduct simultaneously, L5 is also effective
in preventing current pulses from occurring during the overlap interval,
thereby further minimizing the peak collector currents during the
interval of switching.

Future power conditioner inverters should be carefully designed, perhaps
as suggested here, to minimize the effects of flux-rachetting and over-
lap.
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APPENDIX B

This eppendix contains the complete schematic diagrams for the entire power
conditioner as delivered.
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APPENDIX C

This appendix contains strip-chart recordings reproduced from power
conditioner/ion thrustor tests at INW, NASA-LeRC and at TRW, Inc,
Redondo Beach, California.
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CORRESFPOMNDEMNCE TABLE FOR SAMPLED TELEMETRY,

roinT PC NUMBER NA MG
INPUT CURRENT

2 T2 VAPORIZBIR. CUuRRENT

3 I3 CATHODE CurRENT ’

4 T 4 Aooe currer”™

3 I s POSITIVE HV curremnt ((ScrGEN')
A T 6 NEGATIVE WY CuRRErT{ UCCELEZYTOR®)
7 Iz NEUTRALIZER., CATHODE CURBRENT
8 rs8 NBEUTRALIZTER., VAroRIZER, CURRENT
) - S NOT USeE

10 -~ NEBUTRERALILER EMISS/ion] Corra T
17} vi INPUT VOLTAGE '

Iz v 13 VAPORITEBR \VoLTAGE

3 V3 CAlArHozE veLTdGE

14 vV 4 ANODE VOLTAGE

1< 4 POSITIVE HIGH VOLTAG &

1 6 Ve N EGRTIVE HIGH VOLTAGS

7 v NMEUTRALIZEIR. CA7THODE \J O LTHAGE
¥ vé REUTRALIZER. VAPORIZBR. VoL T Mz
193 v NBOTRILIZER, AroDeE VOoLTARGE
06 - ANOT USED

i - TEMPERATURE OF rPC

T - . +PMPERNTUVRE OF Prg

23 - TEMPERATVRE OF pPc

P 4 - PRINT CYCLE L WITLH OFF
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